Abstract. The photolytic and photocatalytic degradation rates of Rhodamine B (RhB) in wastewater were investigated and compared through irradiation with UV light of three wavelengths (207 nm, 222 nm, and 254 nm). UV light of all three wavelengths exhibited good RhB degradation capability under both acidic and alkaline conditions. When UV light energy is about 690 J, the RhB degradation rate is the highest (78.93%) under UV 222 nm, followed by that under UV 207 nm (70.44%) and UV 254 nm (25.17%). At each wavelength, the reaction kinetics of RhB was investigated with and without the addition of H 2 O 2 . The degradation rate of RhB was found to increase at the presence of H 2 O 2 . Photolysis mechanisms under the three UV light wavelengths were proposed based on the electrospray ionization mass spectra results, which indicated that RhB underwent different degradation pathways at different UV wavelengths. This study could help enhance understanding of the capability of the UV light of 207, 222, and 254 nm to degrade water pollutants.
Introduction
Approximately 1 million tons of dyes are produced annually which are widely used as coloring materials in textile industry [1] . These dyes exhibit stable chemical properties in sewage, thus are highly concentrated in wastewater, among which Rhodamine B (RhB), a highly water-soluble red dye in the xanthene class, is widely used as a colorant, and water tracer fluorescent [2] [3] . It is harmful to human health for which may cause irritations to skin, eyes, and respiratory tract [4] [5] . Many experiment results have proven that RhB has carcinogenicity, reproductive and developmental toxicity, neurotoxicity, and chronic toxicity toward humans and animals [6] [7] [8] [9] .Since RhB has high stability and high resistance to photolysis and oxidative degradation [10] , it is also often used to evaluate the effects of photolysis.
Based on advanced oxidation processes (AOPs), photolysis and photocatalysis through a UV light source with wavelength of 185 and 254 nm [21] are capable of oxidizing pollutants. Using UV light, particularly by using H 2 O 2 /UV union, to remove organic pollutants from wastewater has attracted more and more attention in recent years [11] [12] [13] [14] [15] . On one hand, the photon energy of UV 254 nm is merely 4.88 eV, which is lower than the bond energy of most organic pollutants so that UV 254 nm can't directly degrade organic pollutants [22] . On the other hand, UV light with wavelength shorter than 190 nm (e.g. 185 nm) is easily absorbed by water and its transmission distance is not long enough to reach pollutant molecules [23] . So UV light at the wavelength between 190 nm and 254 nm is considered ideal for wastewater treatment.
Researches showed that vacuum-UV (VUV) emitting nearly monochromatic radiation at wavelengths ranging from 172 nm to 345 nm, based on the transition of rare gas-excited dimers, halogen-excited dimers, or rare gas halide excited complexes, has provided a new way of pollutant degradation [16] [17] [18] [19] [20] . It is considered as an attractive alternative to conventional mercury lamps due to their wavelength-selective applicability, absence of mercury, geometric variability, and long lifetime [24] . The appearance of VUV has prompted the development of a wide variety of AOPs for environmental protection. Feng [25] studied the photo degradation of dye (C.I. Acid Red 213) by the 207 nm VUV light and found that it could degrade organic pollutants directly and efficiently. During photolysis, radiation of 207 nm UV may cause intermediates to continue to be decomposed. Zhao [26] investigated the photodegradation of aqueous organometallic compounds (e.g. acetylferrocene (AFc), triphenyltin chloride (TPT), and C.I. reactive blue 13 (RB-13)) by using a VUV lamp mainly radiating 207 nm UV light. The degradation efficiencies of the compounds followed the order AFc> TPT > RB-13. With 60 min of irradiation, the TOC removal efficiencies of AFc, TPT, and RB-13 reached 53.2%, 25.6%, and 19.7%, respectively. Ikematsu [27] studied the photodegradation of humic acid by using a 222 nm KrCl excimer VUV lamp with the addition of H 2 O 2 and O 3 . The 222 nm UV light caused H 2 O 2 to decompose into free radicals, leading to the co-photolysis oxidation of the organic pollutants. Previous studies provide a theoretical basis for removing organic pollutants in water by VUV.
However, few studies have been conducted to compare direct UV treatment at different wavelengths. In particular, photocatalysis through the combination of UV with H 2 O 2 under various wavelengths also requires further investigation. In this study, UV light at 207 nm, 222 nm, and 254 nm, especially with the combination of H 2 O 2 at three wavelengths is used to degrade RhB. The RhB degradation capabilities of the UV light with /without H 2 O 2 are also examined and their photolysis mechanisms are explored respectively. This study provides a theoretical basis for VUV degradation of organic pollutants in wastewater treatment applications. 4 and NaOH solutions (to adjust pH). All other reagents used in the study were of analytical grade and were applied without further purification.
Experimental Set-up
The set-up was shaped likea cylinder as shown in Figure 2 (A). The reactor was made of high-purity quartz. . The reactor outer diameter was 10 mm and the reactor volume was 200 mL.
Procedure
RhB solution was poured into the quartz reactor. The solution was driven by a peristaltic pump that allowed solution outflow from the outlet at the bottom of the reactor to ultimately flow into the reactor, thereby forming a circulation system. The peristaltic pump flow rate was maintained at 25 mL/min. The UV lamp was fixed at the center of the quartz reactor so that the solution could receive homogeneous radiation. Three different lamps were used to simulate different UV light wavelengths (207, 222, and 254 nm), which spectrograms were shown in Figures 2(B 
Analytical Methods
The RhB concentration was determined at the maximum absorption wavelength (550 nm) by using a UV-Vis spectrophotometer (Beijing Purkinje General Instrument LLC). The degradation ratio (D%) was calculated using Formula (1), where C 0 and C t represent the initial RhB concentration and the RhB concentration at time t, respectively.
D%=(C0-Ct)×100% (1) pH was measured by PB-10 (Sartorius) pH meter, and UV light intensity was measured by an LPE-1A laser power meter (Physcience Opto-Electronics, Beijing). The UV lamps of 207, 222, and 254 nm wavelength were used in this experiment featured intensities of 2.839, 5.73, and 15.648 W/m 2 , respectively. The effective energy radiated by the UV lamps was calculated using Formula (2), where E represents the effective energy, I represents the UV light intensity, S represents the effective lighting area, and T represents the lighting time of the solution.
E=I×S×T
(2) RhB degradation by-products were analyzed by electrospray ionization mass spectroscopy (ESI-MS, micrOTOFII, BrukerDaltonics, USA). The acquisition parameters were set as follows: source type, ESI. Scan range 50-1500 m/z (when analyzed, the degradation by-products of 222 nm UV light ended at 800 m/z). Capillary voltage, 4000 V. End plate offset, -500 V. Nebulizer gas pressure, 0.6 bar. Dry heater temperature, 180 °C, and dry gas flow rate was set at 6.0 L/min.
Results and Discussion

Relationship between the Energy Radiated by the UV Lamps and the Degradation Ratios of RhB
The treatment time, which represents the length of lighting time of all three lamps, has a strong positive relationship with the degradation ratio of RhB as depicted in Figure 3 (A). Initially, the RhB concentration was 40 mg/L and the solution pH was 2. As the lighting time increased, the RhB degradation ratio increased. Moreover, at equal treatment times, the degradation ratios achieved by the UV lights showed the trend (from high to low) 222 nm > 254 nm > 206 nm. This observation can be explained by the combined action of photon energy and light intensity. The 222 and 254 nm UV lamps exhibited stronger light intensities than the 206 nm UV lamp. Meanwhile, the photon energy followed the trend (from strong to weak) 206 nm > 222 nm > 254 nm.
To further evaluate the effect of photon energy and light intensity on RhB degradation, this study controlled the variable of the effective energy and find that UV light of 222 and 206 nm exhibited higher efficiency for RhB degradation than 254 nm when the respective solutions absorbed equal amounts of effective energy as shown in Figure 3(B) . When the effective energy was about 690 J, the degradation ratios of the 222, 206, and 254 nm UV lights were 78.93%, 70.44%, and 25.17%, respectively. The greater efficiency of the 222 and 206 nm UV lights compared with that of the 254 nm UV light can be explained by not only the treatment time influence but also the fact that the photon energies of the former, which directly effects on the pollutants bond, are higher than that of the latter. The greater efficiency of the 222 nm UV light in comparison with that of the 206 nm UV light may be explained by the assumption that the 222 nm UV lamp features a purer radiation spectrum, resulting in the energy focusing mainly on the key UV light. During treatment with 222 nm UV light for 10 min, an RhB degradation ratio of over 50% was obtained, and the energy needed to achieve a degradation ratio of 90% was less than 200 J. Low degradation efficiency was obtained when 254 nm UV light was used despite its strong intensity. The efficiency exhibited by the 206 nm UV light was moderate. These results provide evidence of the combined positive influence of light intensity and photon energy on RhB degradation efficiency.
Comparison of the RhB Degradation Ratios with Varying Initial pH of the Solution
The effect of initial pH on RhB degradation ratio upon irradiation with different UV lights without H 2 O 2 is shown in Figure 4 (A). The initial RhB concentration was 40 mg/L and the treatment time was 3 h. Despite variations in UV wavelength, the variation tendency of RhB degradation ratio was relatively minimal when the initial pH values varied from 2.0 to 12.0. RhB degradation ratio was high when the solution was strongly acidic or strongly alkaline; by contrast, when the solution was neutral, the degradation ratio was low. Huang et al. [28] obtained similar results in their experiments. On one hand, the high density of the H + or OH -in the solution made the molecule of RhB was easy to get H + to be protonation (or lose H + to be deprotonation). Thus these existence states became easily degraded by the UV light. On the other hand, OH· is weakly acidic and its oxidizability increases in acidic solutions. When it came to the alkaline solution, though the oxidizability of OH· was weaker, with the radiation of UV light,OH -and radical H· combined to form hydrated electron which was also a strong oxidant, following Reactions (3) and (4) . Therefore, the degradation ratios observed in strongly acidic or strongly alkaline solutions were relatively higher compared with those obtained in neutral solution [29] . Figure  4 (B). Considering that H 2 O 2 combined with the basicity of the initial solution at pH 12 could have promoted RhB decomposition, the influence of H 2 O 2 at pH 12 was ignored. In this set of experiments, the initial RhB concentration was 60 mg/L and the treatment time was 30 min. After H 2 O 2 addition to the test solutions, changes in pH no longer showed strong influences on the degradation ratio, except at pH>10. When the solution was strongly alkaline, the degradation ratio declined. The presence of H 2 O 2 clearly promoted higher degradation ratios compared with that observed without H 2 O 2 at equal treatment times. The degradation ratio was relatively low when the solution was strongly alkaline compared with that at other pH. Despite the activity of hydrated electrons, the high concentration of OH -would work efficiently in quenching OH· of which a high concentration becomes available during addition of H 2 O 2 [30] . In this situation, the high concentration of OH -restrains the degradation reaction while the other situations of lower pH values didn't. In this system, Reaction (3) is far more efficient than Reaction (4), which is the main photodissociation reaction in the absence of H 2 O 2 . Results indicate that Reaction (3) produced a large amount of OH· and improved the RhB degradation. Figure 5 shows the relationship between RhB degradation ratio and H 2 O 2 addition ratios. The initial RhB concentration was 60 mg/L and treatment time was 30 min. At low H 2 O 2 addition ratio, RhB degradation ratio increased with increasing H 2 O 2 addition. However, when the H 2 O 2 addition ratio exceeded a critical value, the degradation ratio of 206 nm UV light decreased and the same to that of 222 nm UV light. The critical H 2 O 2 addition ratio for 206 and 222 nm UV light was about 20 mmol H 2 O 2 :1 mmol RhB. But the critical H 2 O 2 addition ratio for 206 nm was the lowest. These results may be explained by the higher energy of the photons of 206 nm UV light compared with those of 222 nm and 254 nm UV light. OH· could be produced from Reaction (3) when H 2 O 2 is radiated by the UV light. At high H 2 O 2 concentrations, the additive becomes an inhibitor of hydroxyl radicals. Thus, high photon energies could easily produce OH· and the critical H 2 O 2 addition ratio decreases. When H 2 O 2 addition exceeds a critical value, degradation becomes restrained, causing decreases in degradation ratio. 
Relationship between the RhB Degradation Ratios and the Addition Ratios of H 2 O 2
Comparison of Reaction Kinetics Constants when Radiated at Various UV Light Wavelengths
RhB degradation reaction kinetics was investigated under irradiation by various UV light wavelengths in the absence of H 2 O 2 , as shown in Figure 6 (A) and 6(B). The initial RhB concentration in (A) and (B) was 40 mg/L and the initial pH value was 2. When radiated by 206 nm UV light, direct photolysis reaction followed the zero-order reaction; by contrast, under 222 and 254 nm UV light, a first-order reaction was observed. The reaction kinetic constants of the corresponding systems were k 206 = -0.150 min -1 , k 222 = 0.017 min -1 , and k 254 = 0.012 min -1 . Evidently, the direct photolysis reaction using 222 nm UV light is better than that using 254 nm UV light.
Addition of H 2 O 2 to the test solution resulted in significant changes in RhB degradation reaction kinetics, as shown in Figure 6 (C) and 6(D). Here, the initial RhB concentration in (C) and (D) was 60 mg/L and the H 2 O 2 addition ratio was 15 mmol H 2 O 2 :1 mmol RhB. The photolysis reaction still followed the first-order reaction under 222 and 206 nm UV light, but the reaction under 254 nm UV light was modified and followed the zero-order reaction. The corresponding reaction kinetic constants were k 206 = -1.170 min -1 , k 222 = 0.042 min -1 , and k 254 = -1.378 min -1 . The reaction kinetics under 222 and 206 nm UV light did not change and were actually comparable in the presence and absence of H 2 O 2 . Both UV wavelengths resulted in high reaction kinetic constants in the presence of H 2 O 2 . Changes in degradation reaction kinetics at 254 nm and the unchanged degradation reaction kinetics at 206 and 222 nm indicate that the influence of H 2 O 2 is more significant than that of the 254 nm UV light in comparison with the 206 and 222 nm UV lights. The m/z values indicate the products detected by ESI-MS in three samples. Color-filled values indicate that the products detected by ESI-MS in two samples. Underlined values indicate that the products detected by ESI-MS only in one sample.
Comparison of the Degradation by-Products of UV Light at Different Wavelengths
Identification of possible by-products after treatment with various wavelengths of UV light is an important way to compare and study the degradation of organic pollutants from the point of degradation mechanisms. To exclude the possible influence of the air in the reactor, the RhB solution in the reactor was aerated with nitrogen for about 30 min to ensure that the air in the reactor was driven out. The reactor was kept hermetic and samples were taken after UV treatment for 180 min. ESI-MS experiments were conducted to study the degradation by-products of the various UV treatments. The ESI-MS chromatograms of samples obtained after treatment by UV light of 206, 222, and 254 nm are shown in Figure 7 . Table 1 shows the main degradation by-products of RhB solution after treatment with various UV light wavelengths for 180 min. The major by-products obtained after the degradation process were proposed by using the m/z (mass-to-charge ratio) values of the mass spectra. Some of the byproducts, such as those indicated by m/z values of 491, 478, 460, 415, and 100, were obtained under all UV wavelengths. The product at m/z 150 was only detected in samples treated by 222 and 254 nm UV light. Products at m/z 314 and 238 could only be detected in the system treated by 254 nm light. Products at m/z 387 and 177 could only be detected in the system treated with 206 nm light. Products at m/z values 431 could only be detected in the 222 nm irradiated sample.
Twelve peaks could be observed in the chromatograms of test systems treated by 206 and 222 nm UV light. By contrast, only nine peaks were observed in the chromatogram of the sample treated with 254 nm UV. These chromatograms are shown in Figure 7 (A)-7(C). These results reflect differences in the mechanism of RhB degradation under the three UV light wavelengths, although some common components may also be observed in these pathways. It is probable because that their indirect ways are mainly contributed by the production of hydroxyl radical. During direct photolysis, different by-products are obtained because the photon energies of the various UV light wavelengths differ and may be absorbed by different molecular bonds or intermediate products.
According to earlier reports [31] [32] [33] [34] , a possible RhB photodegradation pathway includes four main processes: N-de-ethylation, chromophore cleavage, ring-opening, and mineralization. Most of the Nde-ethylation processes take place through the formation of nitrogen-centered radicals during the destruction of the RhB dye chromophore structure. Despite differences between the degradation byproducts detected in this experiment and those previously reported, most of the degradation byproducts obtained confirm that processes such as N-de-ethylation, chromophore cleavage, and ringopening occurred in this study. Based on the experimental results and the RhB degradation pathways reported in previous studies, a possible RhB degradation pathway during irradiation by the three UV light wavelengths is shown in Figure 8 . The structures of the by-products have also been inferred in Figure 8 . Some by-products demonstrated numerical agreement between the molecular weight and the hypothesis of the formation of hydroxyl groups or ethyl groups. Three photodegradation shared some pathways in their whole degradation processes such as the pathway of RhB→a →b→c→(h,g,i)→CO 2 +H 2 O and the pathway of RhB→a →b→e→(h,g,i)→CO 2 +H 2 O.However, the pathway of RhB→a →b→e→(j,k)→(g,i)→ CO 2 +H 2 O was only existent when degraded by the radiation of 254 nm UV light, the pathway of RhB→a→b→e→f→(g,i)→CO 2 +H 2 O was only existent when degraded by the radiation of 222 nm UV light, while the pathway of RhB→a→b→e→d→(g,h)→CO 2 +H 2 O only existed when degraded by the radiation of the 206 nm UV light. 
Conclusions
Aqueous degradation of RhB using the UV light of 206 and 222 nm was investigated and compared with the degradation using the UV light of 254 nm. The mechanisms of RhB degradation under the UV light of the three wavelenghs exhibited some common characteristics. Without H 2 O 2 , pH had similar effects on the RhB degradation efficiency, which was higher in the acidic or alkaline solutions and lower in the neutral solution. The presence of H 2 O 2 could promote the RhB degradation efficiency. The degradation pathways under the UV light of the three wavelenghs were fairly similar, which mainly included four processes: N-de-ethylation, chromophore cleavage, ringopening, and mineralization. However, the different wavelengths of ultraviolet lamps lead to different degradation pathways of pollutants. The energy of short UV light wavelengths was higher than that of longer wavelengths. After the addition of H 2 O 2 , the effects of pH on the RhB degradation varied with the UV light wavelength. Ratios of RhB degradation differed with the addition ratios of H 2 O 2 . Under the 206 and 222 nm UV light, the optimized addition ratio of H 2 O 2 .was 20 mmol H 2 O 2 :1 mmol RhB. In addition, RhB degradation under the irradiation of different UV light wavelengths followed different pathways with different reaction types, reaction kinetic constants, and by-products. Overall, RhB degradation by the 206 nm and 222 nm UV light is more efficient than that by the 254 nm light. Hence, the 206 and 222 nm UV light is recommended for the treatment of degradation-resistant organic dyes in wastewater.
